Summary: This study documents the Na+,K+-ATPase activIty as well as selected parameters of oxidative metabolism and electrophysiological function in rat brain exposed to ischemia produced by electrocautery of the vertebral arteries and reversible occlusion of the carotid arteries, During a 0,5-h ischemic exposure in which the electroencephalograph (EEG) was abolished and energy metabolism severely compromised the N a + , K + -ATPase showed a capability for enhanced activity (120-140% of control), On recirculation, the Na+,K + ATPase activity showed a phasic pattern, which was characterized by normal values at 0. 25-2 h, increased values (115-125% of control) at 3-24 h, and, finally, normal values at 72 h of recirculation, respectively. The maintenance of N a + ,K + -ATPase integrity was correlated with a gradual return of EEG activity and virtually complete restitution of the cerebral energy state during the 72 h of recirculation. Measurements of thiobarbituric acid reactive material and water soluble antioxidant during ischemia and recirculation gave no evidence of the presence of significant free radical lipid peroxidation in this model. It is con cluded that Na+,K+-ATPase and its associated membrane lipids are not irre versibly damaged by ischemia in which the tissue lactacidosis is limited to less than 20 p,mol g-l.
The role of membrane Na+,K+-ATPase (ATP phosphohydrolase; E.C. 3.6.1.3) in maintaining cellular ionic gradients and membrane potentials is well established (Skou, 1965) , and disturbances of this enzyme system have been implicated in the pathophysiology of a variety of disease processes. Thus, Na+,K+-ATPase activity has been shown to be reduced in traumatized spinal cord (Clendenon et aI., 1978) , cold injured brain (Rigoulet et aI., 1979) , and in brain made ischemic by decapitation (Goldberg et aI., 1981) or carotid artery occlusion (Schwartz et aI., 1976; Mrsulja and Mrsulja, 1980) . Although the precise mechanisms for the altered ATPase activity in these pathological states are in-completely understood, any sustained generalized or focal dysfunction could be expected to have im portant implications for cellular function and sur vival. In the case of ischemia, a postischemic hypoactivity of the Na+,K+-ATPase system could provide a partial explanation for the apparent paradox of continuing functional suppression and cellular damage that seems to occur in the presence of a tissue energy metabolism tending to normal function (see Siesjo, 1981) .
In assessing the metabolic and histological effects of cerebral ischemia it seems necessary to define whether the ischemia was complete or incomplete. This fact arises from the observation that brain ex posed to severe incomplete ischemia shows more functional, metabolic, and histological damage than does brain made completely ischemic for equivalent periods of time (Rehncrona et aI., 1979 (Rehncrona et aI., , 1981 Kalimo et aI., 1981) . These observations have led to suggestions that a residual but metabolically inade quate cerebral circulation may exert deleterious ef fects either by favoring the induction of free radical peroxidative damage to cellular membranes (De mopoulos et al. , 1980) or by allowing the occurrence of an advanced tissue lactacidosis (Kalimo et al., 1981; Rehncrona et aI. , 1981 ; see also Myers, 1979) . Since previous studies on the effects of ischemia on cerebral Na+,K+-ATPase have utilized models that precluded assessment of restitution (i. e. , decapita tion) or in which the degree of ischemia may be un certain (i. e. , carotid artery occlusion in gerbils) the present study employed a reproducible and restora ble bihemispheric ischemic model. In order to fully document metabolic correlates for possible alter ations of ATPase activity, the study included a si multaneous assessment of metabolites related to oxidative metabolism and free radical-induced lipid peroxidation.
METHODS AND MATERIALS

Animal preparation and experimental exposures
The experiments were performed on nonfasted male rats of the Wistar strain (250-325 g) in which cerebral hemispheric ischemia was produced by bilateral occlu sion of the carotid and vertebral arteries (Pulsinelli and Brierley, 1979) . On the day before experiment the animals were anesthetized with ether and the vertebral arteries cauterized by passing an electrocautery needle into the alar foraminae of the first cervical vertebra. Silk suture threads (5-0) were placed around the common carotid ar teries and the ends were threaded through short lengths of exteriorized PE-50 polyethylene tubing to form a snare (Duckrow et aI., 1981) . On the following day the carotid arteries were occluded by drawing the suture snare and its enclosed artery into the end of the polyethylene tube.
Animals sampled during acute ischemia were briefly anesthetized with 2% halothane, tracheotomized, paralyzed with tubocurarine chloride (1.5 mg kg-I), and ventilated with 30% O2-70% NzO on a respirator. A fem oral artery was cannulated for blood pressure recording and anaerobic sampling of blood. Blood clotting in the catheter was prevented by giving 100 IU heparin. The body temperature, monitored by a rectal thermometer, was adjusted and maintained near 37°C by external heat ing. Subcutaneous needle electrodes were placed over the frontal-parietal areas for recording of electroencephalo graph (EEG) activity (Mingograf 8 recorder; Elema Schonander, Solna, Sweden). When animals were in a steady respiratory state (arterial P02 and Peoz, >90 mm Hg and 34-40 mm Hg, respectively) cerebral ischemia was produced by tightening the carotid snares. At the end of 2.5,5, 15, and 30 min of ischemia the brain was frozen in situ by pouring liquid nitrogen into a plastic funnel fitted to the skull (Ponten et aI., 1973) . The brain was removed from the frozen head with cold instruments and stored in a liquid nitrogen freezer until assay.
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In order to facilitate brain freezing, surviving animals were surgically prepared just prior to the indicated recov ery times and sampled as in the acute exposure group. In this series, the EEG was recorded during ischemic expo sure and just before brain freezing.
Controls for each series were obtained by exposing nonischemic animals to identical operative and experi mental procedures.
Analytical methods
Arterial P02, Pe02, and pH were measured with direct reading electrodes (Eschweiler, Kiel and Radiometer, Copenhagen) operated at 37°C and the values were cor rected for variations in body temperature.
Brain samples for metabolite and enzyme assay were prepared and weighed in a refrigerated glove box main tained at -22°C. For the labile energy metabolites, about 200 mg of cerebral cortex was dissected, weighed, and homogenized in methanol-HCI and then extracted with 0.3 N perchloric acid at O°C (Folbergrova et aI., 1972) .
The perchloric acid extracts were centrifuged and the neutralized supernatants were assayed for ATP, ADP, AMP, glucose, and lactate by the enzymatic fluorometric methods of Lowry and Passonneau (1972) . The perchloric acid insoluble residues were prepared and assayed for glycogen using amylo-l ,4 ,-1 ,6 -glycosidase as described by Bachelard and Strang (1974) , For the determination of ATPase activity, about 75 mg of cerebral cortex was homogenized in 1 ml 50 mM Tris-HCI (pH 7) at 0-4°C. Prior to assay, 75 ILl of ho mogenate was added to 1 ml ice cold distilled water, and 50-ILl aliquots (30-40 ILg protein) of the diluted homoge nate were incubated at 37°C in 1.25 ml reaction mixture (30 mM imidazole, 30 mM glycylglycine, 3 mM MgClz, 3 mM vanadium-free Na2-ATP; pH 7.4) containing either 120 mM NaCI and 5 mM KCI or in which the NaCI and KCI were replaced by 1 mM ouabain (Rangaraj and Kal ant, 1979) . After 20 min of incubation the reaction was terminated by the addition of 0.5 ml 10% perchloric acid and inorganic phosphate, determined by the phos phomolybdate method (Post and Sen, 1967) , Na+,K+ (Slater and Sawyer, 1971) . The results were quantitated as nmol malondialdehyde/mg protein. The cerebral con tent of water soluble antioxidant was determined by use of the stable free radical a,a-diphenyl-/3-picrylhydrazyl as detailed by Glavind (1963) , Ascorbic acid was used as a standard and the results are expressed in ILmollg tissue.
The protein content of homogenates was assayed ac cording to Bradford (1976) with bovine serum albumin as a standard.
Materials
Malondialdehyde and a,a-diphenyl-/3-picrylhydrazyl were obtained from Aldrich Chemical Company (Mil waukee, WI). Enzymes were obtained from Boehringer Mannheim, and the substrates, coenzymes, and reagents for flu oro metric and enzymatic assay were obtained from Sigma Chemicals (St. Louis, MO). All other chemicals used were of reagent or analytical grade.
Calculations
Analytical runs were performed on lots of up to 12 brains, which consisted of ischemic and matched nonis chemic controls. Statistical analysis of the results was carried out using Wilcoxan's rank sum test.
RESULTS
Physiological parameters, clinical and
EEG effects
The criterion for animal inclusion in this study was the abolition of EEG activity during the period of bilateral carotid occlusion ( Fig. 1 ). Approxi mately 70% of animals met this requirement; the rest were eliminated from further study on the basis of residual or intermittent EEG activity (20%) and acute cardiovascular-respiratory failure (10%). In the acute exposure group, the mean latency for loss of EEG activity on occlusion of the carotid arteries was 5. 9 ± 0. 5 s (mean ± SEM). The restitution EEG showed return of episodic slow wave activity by 1 h; however, definite abnormalities (i. e. , slow waves, voltage suppression, and periodic hyper synchronous activity) were present in the majority
1 h of records throughout the 72-h recovery period (Fig.  1) . Clinically, restitution was characterized by a 1-2-h period of nonresponsiveness, which was followed by a gradual return of spontaneous motor activity over the next 12-24 h. The mortality rate during restitution was 10%, with the majority of these animals showing seizures before death. Animals manifesting seizure behavior were excluded from analysis. Table 1 gives the values for arterial blood gases, pH, and mean arterial blood pressure (MABP) in the various experimental groups at the time of brain freezing. The controls listed here represent the pooled values of two control groups that were matched to the acute exposure (n = 7) and restitu tion (n = 10) series. No statistically significant dif ferences for the measured physiological parameters and metabolites were observed between the two groups and thus the values were pooled for tabular and figure simplification. During restitution, signifi cant lowering of Paco2 was noted at 0.5, 1, and 2 h of recirculation, and in MABP at 0. 25, 0. 5, and 1 h of recirculation. Body temperature at the time of brain freezing was between the limits of 36. 0 and 37.0°C and 35.8 and 37.1°C in all animals of the ischemic and restitution series, respectively. glucose, glycogen, and ATP, and increases in lac tate, ADP, and AMP, which were indicative of an advanced degree of ischemia (Figs. 2 and 3 ). The remainder of the ischemic period was characterized by smaller, but further progressive depletions of us able energy and substrate stores. The magnitude of the lactate accumulation at 2.5 min (14-18 mmol) and the subsequent 1-3-mmol increases noted at later samplings exceeded the values (10-14 mmol) that would be expected from the preischemic glu cose and glycogen stores. This suggests that the ischemia was not complete and would agree with the observation that a 1 -2% residual flow to the cerebral hemispheres persists in this model (Dienel et aI., 1980 ; see also Duckrow et aI., 1981) . Acute ischemia was associated with a significant increase in the Na+,K+-ATPase activity, which was maximal at 2.5 min (143% of control) and sustained (120-130% of control) throughout the 30-min expo sure (Fig. 4) . The Mg 2 +-ATPase activity remained unaltered until the sampling at 30 min, when it showed an increase to 125% of control (p < 0.05). Figure 5 shows the tissue water soluble antioxi dant and TBRA content during ischemia. No sig nificant alterations were noted in these parameters during ischemic exposure. (Figs. 2 and 3 ). This was reflected by the normalization of the ADP and AMP by 0.25 h and the lactate by 2 h of recirculation. A TP showed a more gradual restitution with control values being reached and maintained at 24 and 72 h. Glucose showed the well-documented postischemic pattern of rapid, large increases (3 to 4 times con trol) within the first hour, followed by a gradual return toward control over the subsequent 72 h. The recovery of glycogen showed a similar "over correction," which reached peak values (2 to 3 times control) at 24 h of recirculation.
During the first 2 h of recirculation, the Na+ ,K+-ATPase activity showed a return to control levels, which was followed by secondary increases (115 -125% of control) at the 3 -24-h samplings (Fig. 4) . The 72-h recirculation values were statisti cally equivalent to control. The Mg 2 +-ATPase ac tivity showed a return to control levels by 0.5 h of recirculation and remained there for the rest of the recovery period.
Water soluble antioxidant content was signifi cantly reduced at 3-24-h of recirculation (Fig. 5) , whereas values at 0.25-2 and 72 h were unchanged from control. The values for TBRA were unaltered throughout the entire 72-h recirculation period (Fig. 5) .
DISCUSSION
A number of recent theories on the pathogenesis of ischemic tissue damage have shifted the em- ;, . _ 0 phasis from the traditional view of failure of energy generating systems as a primary factor toward a more important role for cellular and subcellular membrane dysfunction (Trump et aI. , 1971; Farber and EI-Mofty, 1975; Demopoulos et aI., 1980; Siesjo, 1981) . Although these various theories differ somewhat in their proposed initiating cause, the net result in each is an altered permeability of the mem brane system involved. In brain, the plasma mem brane associated Na+ ,K+-ATPase system plays a vital role in the regulation of intracellular ionic composition, water balance, and membrane poten tials, processes which if significantly disturbed could lead to serious alterations of neural activity and/or lethal cell damage. As stated in the introduc tion, several studies have indicated that ischemic and postischemic brains show significant reductions in the activity of Na+,K+-ATPase, a phenomenon that has been interpreted to signify the occurrence of membrane dysfunction or damage. However, due to the nature of the models used in these studies (see below) it was felt to be necessary to reassess this question. The results, which indicate that acute ischemia and postischemia are associated with in creased or normal Na+,K+-ATPase activity, will be discussed under general subdivisions of events and modulating factors during the ischemic and recir culation periods. Acute ischemia results in a variety of biochemical disturbances that may have an influence on the ac tivity of the membrane ATPases. The most impor tant of these in functional terms is a rapid depletion of ATP, which leads to a curtailment of in vivo Na+,K+-ATPase activity and resultant uncontrolled movement of Na+ and H 2 0 into and K+ out of the cell (Hossmann et al. , 1977) . In addition, acute ischemia is associated with accumulations of inhib itory substances such as polyunsaturated free fatty acids (Rehncrona et al. , 1982) and with the release of potential activators such as NH4 + (Folbergrova et al. , 1974) and biogenic amines (Lavyne et al. , 1975 ; see also Rangaraj and Kalant, 1979 , for in vitro effects of catecholamines on Na+,K+-ATPase).
Although in vitro assays of ATPase activity in brain samples from acutely ischemic models may have limited bearing on the in vivo situation in which the enzyme's function is prevented by A TP deficiency, any fixed alterations at this stage, especially de creased activity, could have implications for the res titution capability of the tissue. In this context, although the available literature and the present study are in general agreement that Mg 2 +-ATPase is not greatly altered by ischemia, they give conflict ing results that indicate that Na+,K+-ATPase activ ity is either unchanged, decreased, or increased by acute ischemia. Thus, in the gerbil, Na+ ,K+ ATPase activity was unaltered by up to 6 h of cere bral ischemia produced by unilateral carotid artery occlusion (Schwartz et al. , 1976) , whereas in the same species 0. 25 h of cerebral ischemia produced by bilateral carotid artery occlusion resulted in a 20% reduction (Mrsulja and Mrsulja, 1980) . In sup port of the latter observation is the finding that 5 min of decapitation ischemia in the rat leads to a 30% reduction in Na+,K+-ATPase (Goldberg et al. , 1981) , a finding, however, that is virtually opposite to the present results that show 20-40% increases in the same species exposed to acute bihemispheric ischemia. Although the reasons for these differ ences are not readily apparent, explanations may be partially attributable to the animal species and isch emic models, as well as to the sampling and assay methods used. Thus, recent studies have indicated that although the gerbil shows typical alterations in energy metabolism during ischemia, its clinical sus ceptibility to ischemic and postischemic seizures induces complex biochemical and physiological ef fects that may be additive to those imposed by "pure ischemia. " This effect is illustrated by the occurrence of a unique histological change in isch emic gerbils ("selective chromatolysis"), which is prevented by preischemic administration of anticonvulsants (Brierley et al. , 1976) . A similar situation may apply to decapitation, which is be lieved to cause an initial cerebral excitation. Ex perimental seizures have been associated with in creased (Lewin and McCrimmon, 1967) or de-creased (Hunt and Craig, 1973 ) Na+,K+-ATPase activity; however, the nature of the seizure stimulus in these studies (i. e. , cortical freeze lesions and cobalt implants) makes further extrapolations to the combination of ischemia and seizures very specula tive. A recent study has indicated that brain slice Na+,K+-ATPase can undergo rapid oxidative dam age when incubated under standard conditions (Kovachich and Mishra, 1981) , a situation that may be partially duplicated by the decapitation and lengthy sample preparation procedures employed by others. In the present study, brain was frozen in situ and the samples handled at 0-4°C until assay, a technical variation that may explain in part the ob served differences in this study from the results of other studies. In addition, the present assay system used vanadium-free ATP, which would make the enzyme less susceptible to in vitro inhibition or stimulation by mechanisms related to metal ion contamination (see Rangaraj and Kalant, 1979) . It has been proposed that ischemia favors de structive free radical interactions with membrane phospholipids (Demopoulos et aI. , 1980) , and since Na+,K+-ATPase is a phospholipid-dependent en zyme (Wheeler et aI. , 1975) , this mechanism, if op erational during ischemia or recirculation, could cause decreased ATPase activity. This sensitivity of Na+ ,K+-ATPase to free radical peroxidation has been verified by numerous in vitro studies (see Kovachich and Mishra, 1981) . The present results, in conjunction with those of Schwartz et ai. (1976) , indicate that the Na+ ,K+-ATPase from acutely ischemic brain retains the potential for normal or increased activity when provided with exogenous ATP. This suggests that the enzyme and its as sociated lipid components are not significantly al tered by peroxidative mechanisms during ischemia, findings that are in agreement with those showing that the polyunsaturated phospholipids are also un affected by 0. 5 h of cerebral ischemia (Rehncrona et al. , 1982) . The unaltered levels of TBRA and antioxidant in the present study provide additional evidence for the absence of a significant free radical peroxidative change during ischemia (see also Cooper et aI. , 1980; Rehncrona et aI. , 1980) .
Since free radical induced lipid peroxidation re quires the presence of at least some oxygen, the absence of changes during complete or near com plete ischemia are not unexpected and do not rule out the possibility of this mechanism becoming op erational during the recirculation of previously ischemic brain (see Demopoulos et aI. , 1980) . The studies of Schwartz et ai. (1976) and Mrsulja and Mrsulja (1980) , which showed 40-60% reductions in Na+,K+-ATPase activity during the first 4 h of recirculation in previously ischemic gerbils, seem to support this possibility. However, the results of the present study, showing normal or increased Na+,K+-ATPase activity during a 72-h recirculation period, did not support the presence of such a pro cess in the postischemic rat brain. These findings are in good agreement with the study of Rehncrona et ai. (1982) , which showed unaltered tissue con tents of peroxidation sensitive phospholipids and their polyenoic fatty acids during 90 min of recircu lation in ischemic rat brain. The decrease in tissue antioxidant content during the first 24 h of recircu lation agrees with the report of Cooper et ai. (1980) that total glutathione shows progressive reductions during recirculation of ischemic brain. The absence of changes in tissue TBRA content, as wen as the reported unaltered ratios of oxidized to reduced glutathione and ascorbate (see Cooper et aI. , 1980; Rehncrona et aI. , 1980) suggest that this change is not related to free radical consumption of antioxi dant.
Unsaturated fatty acids such as arachidonic acid cause in vitro inhibition of Na+,K+-ATPase (Chan et aI. , 1980) and tissue edema when added to brain slices (Chan and Fishman, 1978) or injected intrace rebrally in rats (Prioleau et aI. , 1979) . Since these polyenoic free fatty acids show increases during ce rebral ischemia it has been tempting to extrapolate these observations to the clinical situation of isch emic edema. The disparity between the fatty acid concentrations used in the above studies (i. e. , 0. 5-5 mM) and the increases observed in vivo under conditions of ischemia (i. e. , 1.5-2.0 JLmol g-l) (Rehncrona et aI. , 1982) make such extrapola tions premature. The present results showing either increased or normal N a + , K + -ATPase activity at the times corresponding to maximal increases of tissue free fatty acids (i. e. , ischemia and first 1 h of recir culation) reinforce this conclusion.
The results of the present study are in good agreement with those of others that have indicated that relatively long periods of complete cerebral ischemia are compatible with extensive restitution of metabolic and physiological function and preser vation of histological integrity (see Siesjo, 1981) . Thus the rapid oxidation of the accumulated lactate and the eventual complete restoration of the adenylates argue against the presence of wide spread persistent mitochondrial dysfunction or sig-nificant areas of tissue necrosis. The enhanced or normal Na+,K+-ATPase activity during recircula tion conforms with the observation of Hossmann et ai. (1977) that even after 1 h of global ischemia, the brain has the capacity to rapidly restore its Na+, K+, and H20 balance. These biochemical indicators of potentially functional tissue are reflected in the recent demonstration that ischemia of equivalent duration, in which the tissue lactate levels are below 20 /Lmol g-I (a condition met in the present experi ments), results in a paucity of early histological changes that virtually disappear by 1. 5 h of recircu lation (Kalimo et aI. , 1981) . Since this study also showed that very extensive tissue damage occurred in animals with tissue lactate content above 20-25 /Lmol g-I, it remains possible that excessive lac tacidosis may affect Na+ ,K+-ATPase activity and would thus explain some of the discrepancies among the cited studies. Experiments to clarify this relationship are in progress.
In conclusion, the results indicate that the Na+,K+-ATPase of ischemic and postischemic brain, in which the lactate accumulation is less than 20 /Lmol g-I, retains its potential for normal or in creased activity. No evidence was obtained in this ischemic model to indicate significant membrane damage at the Na+,K+-ATPase site.
